shows. This variation is partly due to the fact that many activities are difficult to classify; for example, some organizations separate out software reengineering from perfective maintenance. 7 In addition, initial appraisal of the type of maintenance necessary is often inaccurate-it is not unusual while performing adaptive maintenance to find a defect, or perhaps decide that some perfective rewriting is necessary to add a new feature. Even when these categories are reasonably welldefined, adaptive and perfective work are often used to hide corrective work.
These studies, which appeared between 1985 and 1996, reveal how much time software engineers spend on different maintenance tasks, but they shed little light on how accurately they predict both the type and duration of maintenance.
CASE STUDY DATA
The formal statistical analysis of recent maintenance data from a small software development company on the predicted and actual effort spent in different maintenance categories yielded some surprising results.
The data consisted of 957 maintenance or change requests (CRs) totaling some 5,000 hours of work completed between 14 March 2001 and 14 November 2005 on a total of 13 software packages, four of which were used to form two commercial products. About 40 percent of all maintenance work was spent on one of these Previous research shows considerable overlap among perfective, corrective, and adaptive maintenance tasks in software development projects. A case study involving two recent products provides further empirical evidence of this distribution and sheds light on how well programmers estimate both the type of maintenance necessary and the duration with some significant surprises.
Les Hatton
Kingston University London U nderstanding how software changes is important to controlling both the costs and the risks in a software development project. 1 However, software development still lacks a firm empirical basis, 2 and the costs of failure remain astronomically high. 3 Software maintenance, as defined by IEEE Std. , "includes modification of a software product after delivery to correct faults, improve performance or other attributes, or adapt the product to a modified environment." 4 Reflecting this formal standard, maintenance is traditionally divided into three categories: 5 • Adaptive maintenance is devoted to adding new functionality, either because there was no time to complete the product before delivery or in response to user feedback.
• Corrective maintenance seeks to remove software defects.
• Perfective maintenance involves enhancing software performance without changing functionality; commercial developers often neglect perfective maintenance because the benefits are less tangible, but it is a significant factor in open source projects such as the Linux kernel. 6 Numerous studies [7] [8] [9] [10] [11] indicate that the distribution of time spent among these categories varies widely, as where a a + c a + p a = 10, representing the actual contribution of adaptive, corrective, and perfective components, respectively, after completion of the work.
The person who supplied this data normally was the same one who provided the estimate, though consistency was not separately assessed.
• Estimated time for completing the request.
• Actual time the request was completed. Figure 1 shows the distribution of activity by maintenance type in both total time and number of CRs. Compared with the data in Table  1 , this distribution-54 percent adaptive, 6 percent corrective, and 40 percent perfective-represents a higher than normal emphasis on perfective maintenance and a lower than normal requirement for corrective maintenance.
The key components of both commercial offerings, which each range from 110,000 to 150,000 source lines of code, have a comparatively low defect density: 0.599 for the GUI client and 0.224 for the server in one product, and 0.269 for the GUI client and 0.184 for the server in the other product (GUI clients are written in Tcl/Tk, the servers in C). These four components contain most of the code the company developed and maintained. and half of the time spent on CRs fall into the two shortest-duration bins, indicating that maintenance activities are dominated by small changes measured either by number or total time.
ESTIMATION ACCURACY OF MAINTENANCE DURATION
Because company personnel did not change during the period the maintenance records cover, we might expect them to have become progressively more accurate in assessing the time taken to perform a CR. Estimation accuracy of maintenance duration can be determined by looking for any change in bias in estimating duration and in the variance in estimating duration. Figure 3 shows the difference between estimated and actual CR durations for the full set of records in increasing chronological order. Points above the zero line correspond to CRs performed more quickly than expected. Note that the frequency with which CRs were resolved did not change significantly throughout the measurement period. Figure 3 clearly indicates a systematic pessimistic bias. We can quantify this using the data in Figure 2 , which reveals that the average duration of a CR was 5.17 hours and the average bias 1.83 hours: On average, engineers overestimated across all CRs by around 35 percent. What is not clear, however, is whether this behavior changed over time as the developers gained more experience with these products.
Changes in bias
Splitting the data into two halves reveals that the average bias in the first half is 2.45 hours and the average bias in the second half is 1.2 hours. We can therefore hypothesize that the average bias in each half either came from the same population (null hypothesis) or did not come from the same population.
We can analyze the data using the z-test for the difference of means in a population, 12 This corresponds to a probability of less than 0.001 that the change in bias occurred by chance. Thus, the null hypothesis can be comprehensively rejected, and it must be concluded that there is a highly significant drop in the average bias in the two half samples. Repeating this analysis solely on the product that consumed most of the company's maintenance effort also yields a highly significant result of z = 2.45, which corresponds to a probability of only around 0.003 that the change in bias occurred by chance.
Spread of estimates
The variances in the two half-samples can be compared using the F-test: 12 The number of degrees of freedom for the numerator and denominator is 476 and 477, respectively. At the 5 percent significance level, the corresponding value of the F statistic is less than 1.25. It can therefore be deduced that the drop in variance is significant at the 5 percent level.
Relationship with CR duration
The distribution of CR durations over the maintenance period appears random, so it is useful to see if there is any relationship between estimation accuracy and the actual duration of the CR-for example, it might reasonably be expected that the developers predicted shorter-duration CRs more accurately. Figure 4 shows a clear anticorrelation: In general, the developers pessimistically pre- dicted shorter-duration CRs and optimistically predicted longer-duration CRs. The product moment correlation coefficient for this sample is -0.30 with 957 samples. A standard significance test (one-tailed or two-tailed) yields a probability of this happening by chance as <0.0001 in both cases, so we can comprehensively reject a null hypothesis that there was no such trend.
ESTIMATION ACCURACY OF MAINTENANCE TYPE
Change requests' "before" (a e ,c e ,p e ) and "after" (a a ,c a ,p a ) triplets can be used to study transitions between adaptive, corrective, and perfective maintenance as understanding of a particular change matured during the development process. Calculating the triplets' normalized cross-correlation gives a range of comparison from zero for no similarity to one for exact similarity; in other words, zero indicates a completely inaccurate estimate and one a completely accurate estimate of the nature of a change. Figure 5 shows that around 77 percent of all time was spent on CRs whose spread of adaptive, corrective, and perfective activity was initially estimated completely correctly. At the other end of the scale, about 16 percent of all time was spent on CRs whose spread of activity was estimated completely incorrectly, representing a major surprise when work actually occurred. The remaining 7 percent was more or less evenly distributed between these two extremes. Overall, one in four of the initial estimates for maintenance distribution turned out to be incorrect when the work was eventually carried out, and most of these were completely incorrect-that is, there was no correlation between the estimated and actual maintenance triplets.
An obvious relationship to investigate is whether the degree of correlation between actual and estimated maintenance categories was inversely related to the actual CR's duration. Figure 6 on the next page plots the value of the normalized cross-correlation between the estimated and actual maintenance triplets against the CR's actual duration in hours. There is a clear and unexpected pattern that shorter CRs are much less predictable in terms of maintenance type than longer CRs. Formal statistical analysis gives a value of 0.53 for the product-moment cross-correlation with 957 samples, which is highly significant.
These findings suggest that when faced with changes that are anticipated to be short in duration, developers make relatively more mistakes because they do not think them through in sufficient detail with regard to the type of change. This is analogous to the observation that defects occur more often than they should in the smallest components in any system. 13 
UNEXPECTED TRANSITIONS
Analysis of the estimated and actual maintenance triplets makes it possible to quantify unexpected transitions-for example, how often adaptive maintenance led to some form of corrective maintenance or how often corrective maintenance led to some form of perfective maintenance.
It is first necessary to distinguish between pure and impure triplets. A pure adaptive triplet is defined to be (10,0,0), a pure corrective triplet is defined to be (0,10,0), and a pure perfective triplet is defined to be (0,0,10). Impure triplets are defined as having a value v, such that Assuming as a null hypothesis that the two binomial populations for these proportions are the same, where n 1 = 15 and n 2 = 49 are the number of transitions in adaptive to corrective and in perfective to corrective transitions, respectively. An estimate for p = 0.5 ( 0.0157 + 0.0512) = 0.0335 and for q = 0.5 ´(0.984 + 0.949) = 0.9665. This gives z = 0.0355/0.0547 = 0.649, which is not significant. So although there appears to be a relationship between alertness to defects and the type of maintenance, the relationship is not significant, and the null hypothesis cannot be rejected.
Using the same test to compare the most numerous (adaptive ↔ perfective) and least numerous (adaptive ↔ corrective) transitions confirmed significance but only at the 10 percent level, indicating no compelling patterns favoring one kind of transition over another.
T he case study presented here confirms earlier research showing considerable overlap among perfective, corrective, and adaptive maintenance tasks in software development projects. More importantly, it also sheds light on how well programmers estimate both the type of maintenance necessary and the duration. Formal statistical analysis of these predictions yielded some interesting observations. First, predictions of the time necessary for any kind of change across a range of products became considerably more accurate as time went by. The reduction in overoptimism is significant at the 0.1 percent level, and the reduction in the variance is significant at the 5 percent level. This is not surprising but, given the complexity of software applications, it is reassuring to be able to quantify this relationship even though variance of the estimates remains high.
In addition, programmers consistently overestimated the time necessary to complete shorter CRs, but consistently underestimated longer CRs. This relationship was highly significant-in other words, programmers appear to perform a form of aver-0 < v < 10 in the appropriate position. Triplets were constrained by the change management mechanism so that the sum of their components could always be 10. Table 2 shows transitions from pure triplets to impure triplets in decreasing order of frequency. These transitions comprise around 19 percent of all the CRs. The most frequent transitions occurred when perfective maintenance was scheduled and opportunities for adaptive work naturally arose, and vice versa. Interestingly, transitions between adaptive and corrective maintenance occurred rather less frequently than corresponding transitions between perfective and corrective maintenance. This might suggest that developers are more alert to defects during perfective maintenance than during adaptive maintenance.
We can evaluate this observation using the z-test for proportions. 12 Let p ac be the proportion of all changes with transitions between adaptive and corrective and p pc aging when predicting the duration of a maintenance task. Further, programmers were much more likely to predict shorter CRs incorrectly in terms of maintenance category than longer CRs. One possible explanation for this unexpected but highly significant relationship is that when faced with a change that promises to be short in duration, developers do not think it through very carefully with regard to its possible maintenance components. They predicted more than 77 percent of maintenance requests correctly, but of the remainder, the most likely eventuality was to predict the maintenance category completely incorrectly.
Finally, transitions between adaptive and corrective maintenance and between perfective and corrective maintenance were not significantly different in frequency. No compelling patterns were found favoring unexpected transitions between one type of maintenance and another.
The overall picture is of a gradually improving but rather coarse-grained ability to predict duration of a maintenance task, but with significant surprises even in a personnel-and product-stable environment. However, the results taken together contribute to the empirical basis of maintenance-cost estimation and might allow more accurate predictions of maintenance tasks. The currently high costs of such maintenance clearly favor any attempt to improve the quality of prediction. ■ 
